This research analyzes the influence of network structure on household spatial patterns, as measured by activity spaces. The analysis uses street network and travel survey data from the Twin Cities and South Florida to compile measures of network structure. Statistical regression models test the relationship between network structure and travel. The results show that network design does influence travel, after controlling for other non-network based measures. Results from this analysis can be used to understand how changes in network can be used to bring about desired changes in travel behavior.
Introduction
Planners have traditionally shown keen interest in the use of land use and urban design strategies not only to bring about changes in travel behavior but as a way of providing a better quality of life for residents. A review of the literature in this area shows many differences in the modeling methodologies used in terms of travel purpose analyzed, methods of analyses, measures used to quantify urban design variables, other explanatory variables considered, the level and scale of analysis and the measures of travel patterns considered (Crane, 2000; Krizek, 2003) .
The literature, however, lacks explicit consideration of the underlying transportation network. The transport system, specifically the street system, forms the primary structural element of any city. For example, as Marshall (2005) points out, the differences in modern cities such as New York or Los Angeles can be traced back to the transportation system in influencing the growth pattern of each city. An in-depth analysis of urban design and travel hence needs to explicitly consider the transportation network in terms of its structure, the actual layout of streets and routes.
Transportation planners acknowledge the importance of the transport system in influencing urban form. However most studies looking at the influence of urban form only consider a representation of easily measured metrics of the actual transportation network (Cervero and Kockelman, 1997; Handy, 1992; Srinivasan, 2002) . While these descriptive measures of roadway network structure are important in micro-neighborhood development, other measures of network structure may affect traveler behavior and perceptions and the performance of the transportation system. The question of how travel behavior varies systematically with network structure is particularly important as network architecture is perhaps the slowest changing urban system. For that reason it is the most important to get right, as the design of the network persists for centuries and is difficult to adjust, much less optimize. This paper uses network and travel data from the Twin Cities and two urban areas in Florida (Fort Lauderdale and Miami) to look into the influence of transportation networks on travel. The goal is to use existing quantitative measures as well as develop new measures to account for the underlying structure of the street network. The influence of these measures on household travel are then tested using statistical models. The underlying principle of this research is that while the transportation network is not the only indicator of urban form and travel, an understanding of the transportation network structure will provide a good framework for understanding and designing cities. The results can throw light on how the transportation network influences travel behavior and how changes in network design can be used to bring about desired changes in travel behavior.
The remainder of the paper is organized as follows: The next section provides a brief review of relevant literature. The research theory is presented in the next section. This is followed by an explanation of the modeling methodology, the data sources and estimation of the various network measures. The hypotheses, the statistical model and the results are presented in the next section. The paper concludes with key findings from the study and future extensions to the current research.
Research Synthesis Accessibility, urban form and travel behavior
One of the earliest analyses of the relationship between accessibility and land use was conducted by Hansen (1959) as part of a study to develop a residential land use model. Though there has been substantial literature on the concept of accessibility, land use and urban form measures, there have been difficulties in developing measures that translate the concept into quantitative performance measures (Handy and Niemeier, 1997) .
The typical approach has been to use household travel survey data along with measures of accessibility, urban form and land use to analyze the relationships (Cervero and Kockelman, 1997; Frank and Pivo, 1994; Hanson and Schwab, 1987; Kockelman, 1997) . Some studies have looked at the influence across regions using national level travel data (Bento et al., 2003) . Other examples include temporal comparisons with a region looking at the relationships between accessibility and land use (Stanilov, 2003) .
The literature arguing for the use of urban form in changing travel has been countered by researchers who argue against the existence of such a relationship. Land use and urban form measures in these analyses were found to have no or a very weak influence, after controlling for other socio-demographic characteristics (Ewing et al., 1994; Stead, 2001) . Researchers, such as Kitamura et al. (1997) and McNally and Kulkarni (1997) argue that attitudinal and socio-economic factors are greater indicators of travel patterns than land use variables. Hence land use and urban design policies need not necessarily bring about measurable changes in travel behavior.
Irrespective of the debate on urban form and travel, both sides have enriched the field of travel behavior by developing advanced modeling techniques that has allowed researchers to explore this relationship (Bagley and Mokhtarian, 2002; Bhat and Guo, 2004; Cao et al., 2007; Golob, 2003) . The in-depth analysis has also seen researchers questioning some of the basic assumptions in travel behavior such as travel being a derived demand (Mokhtarian and Salomon, 2001; Ory and Mokhtarian, 2005; Ory et al., 2004) .
The advances in modeling techniques and methodologies have not extended to the consideration of network design and its importance in influencing travel. The traditional interest in understanding transportation network structure has been limited to geographers who view the spatial nature of the transportation network as a vital input to the regional development (Haggett and Chorley, 1969; Rodrigue et al., 2006; Taaffe et al., 1996; Taaffe and Gauthier Jr., 1973) .
Understanding network structure/topology Kissling (1969) refers to network structure as a measure of the layout of the network and characteristics of individual elements. Xie and Levinson (2007) provide a similar definition of network topology as the arrangement and connectivity of the network. One of the earliest studies using network measures to understand metropolitan settlement patterns was conducted by Borchert (1961) . Kansky (1963) contributed by utilizing graph theory to develop a wide range of network measures to quantify the spatial structure of transportation networks (railways and roadways). Kansky's research was based on the pioneering study conducted by Garrison and Marble (1961) , analyzing the relationship between the structure of transportation networks and characteristics of the area in which the networks are located. The interest in understanding network structure using graph theory tapered after the 1970s due to advances in computers and subsequent focus on developing complicated transportation models (Derrible and Kennedy, 2010) .
Recent advances in GIS capabilities and related spatial analysis software has resulted in a revival of the interest in understanding the topological properties of complex networks. Yang et al. (2009) recently developed a method to identify and classify the spatial (grid-like) patterns in road networks with complicated junctions. Other advances include the use of fractal geometry and complex network theory to understand the patterns, structure and evolution of transportation networks (Jiang and Claramunt, 2004; Kim et al., 2003; Lu and Tang, 2004; Yan and Wang, 2009 ). Li and Shum (2001) developed accessibility measures based on graph theory to analyze the impacts of the National Trunk Highway System (NTHS) program in China. Barabasi and Bonabeau (2003) focused on scale-free networks in an attempt to understand the underlying principles governing extremely complex systems such as the world wide web. Xie and Levinson (2007) investigated the potential application of proposed network measures in understanding and quantifying the structural attributes of complicated road networks. Three complementary measures of network structure, which are heterogeneity, connection patterns and continuity, were developed and tested on idealized test networks. The proposed network measures were later applied to the Swiss road networks to trace the changes in network characteristics over time (Erath et al., 2007) .
These advances in network analysis have allowed researchers to focus on the relationship between network structure and travel. In a study evaluating pedestrian environments, Hess (1997) utilized quantitative measures of street network connectivity to explain the differences in pedestrian volumes between two neighborhoods (Wallingford and Crossroads) in the Seattle area. Dill (2004) presented results from a research project evaluating various measures of network connectivity for the purposes of increasing walking and biking. In a study looking at the journey to work, Levinson and El-Geneidy (2009) use circuity as a tool to better understand the relationship between residential location choice relative to work using data from the Twin Cities metropolitan region. The circuity measure has also been utilized at a national level using road networks from twenty six countries (Ballou et al., 2002) .
In a recent study on network topology, Kennedy (2009, 2010) use graph theory to characterize the network structure of 33 metro systems around the world. The analysis was then extended to study the relationship between network measures and transit ridership using data on a subsample of 19 subway systems. The results of the regression models show a strong relationship between the network measures and ridership indicating the importance of network design in attracting people to transit systems.
Theory
This paper addresses the research question: Does underlying street network structure affect household activity space?
Road networks have an underlying structure. This structure is defined by the layout, arrangement and the connectivity of the individual network elements, the road segments and their intersections. The differences in network structure exist across networks and within networks: the street network of Chicago looks different from the street network of Las Vegas; while, the downtown areas of Minneapolis and St. Paul have a typical, though imperfect grid-like structure that contrasts with the meandering tree like networks that exist in Twin Cities suburbs such as Woodbury, as seen in Figure 1 . The underlying network structure and complexity influences the individuals' perception of the network and their associated responses. Travelers' perception of the network performance and their responses have been analyzed by researchers looking at traffic dynamics and the impacts of Advanced Traveler Information Systems (ATIS) (Jha et al., 1998) . In travel behavior literature, there has been focus on traveler attitudes and its influence on travel (Bagley and Mokhtarian, 2002; Kitamura et al., 1997; Mokhtarian and Salomon, 2001; Nilsson and Küller, 2000) . Some researchers have looked at the role of traveler perceptions of safety, comfort, convenience on travel mode choice (Lang et al., 2010; McMillan, 2007) .
Downtown Minneapolis Woodbury
In this research, we theorize that network design influences traveler perceptions, more specifically the perceptions of travel distance and time. This perception of travel distance and time influences the actual distance and time by affecting choice of destination, mode, route, and whether to engage in activities.
Consider the travel time budget (TTB), which refers to the stability in travel time expenditures by travelers, to help our understanding and theory. A detailed review of the research on TTB conducted by (Mokhtarian and Chen, 2004) shows mixed results on the existence of TTB. The authors differentiate between a "budget" and an "expenditure" where "expenditure" simply refers to the amount of quantitative resources spent on consuming a good or service or performing an activity (including travel); it does not imply stability. On the other hand, the word "budget" implies stability,referring to an allocation of time, money or generalized resources to travel which would not be influenced by policy, trends or costs. The authors conclude that while travel time expenditures are not constant except at aggregate levels, there do exist patterns in individual travel time expenditures that can be explained by the individual and household characteristics, activity characteristics and the spatial structure of the residential locations. Levinson and Wu (2005) discuss a similar travel time tolerance rather than a budget for commuters.
Our goal in this paper is not to argue about the existence of TTB. Rather we use this concept to argue that network design affects travel by affecting the perception of travel time and distance. A network structure that increases the perceived travel distance and time (or the onerousness of that distance and time) (in brief -weighted travel time) will lead to a reduction in actual travel since travelers compensate in order to remain within their (weighted) travel time tolerance. In brief a network that appears more complex and thus has a higher weighted travel time will result in a lower actual travel time as travelers compensate. Networks are complex and have many aspects and each of these aspects affects perception differently. This research aims to disentangle the aspects of the network design that influence distance and time perceptions.
Modeling Methodology
Our current paper aims to extend this interest in complex network analysis to road networks and relate it travel, using data from two areas -Twin Cities and South Florida. This research looks at the role of transportation (street) network measures in influencing household travel patterns. The household travel patterns are measured here by identifying the actual or observed activity space.
The concept of activity space is based on the space-time framework, proposed by (Hägerstrand, 1970) , which accounts for the spatial and temporal dimensions of activity participation. Individuals were modeled as paths or trajectories in time-space, subjected to various constraints such as coupling constraints, capacity constraints and authority constraints. The transportation system determines the area of the time-space prism since the travel speeds and network constraints affect the time needed for travelers to get to their numerous destinations and hence the time remaining to participate in activities (Fan and Khattak, 2008) . Newsome et al. (1998) refer to activity space as the "graphical representation of the space within which a group of activities are carried out by the individual or the household, subject to time constraints imposed by or on the traveler". The observed activity space represents the typical area over which the individual or household is likely to regularly engage in activities on a given travel day. The potential activity space, on the other hand, represents the maximal area over which the traveler could engage in activities. The activity space measured in this analysis represents observed activity space, due to the use of reported travel survey data.
The analysis presented in this paper extends a recent paper by Cerda and El-Geneidy (2009) looking at the relationship between regional accessibility measures on housing prices and travel activity patterns by including measures of network structure into the model, in addition to the other measures of accessibility, land use and socio-demographic variables.
Data Travel Behavior
The travel behavioral data for Florida comes from the 1999 Southeast Florida Travel Survey, maintained by the Florida Department of Transportation 1 . The travel survey provides information on the one-day travel patterns of randomly selected residents in Palm Beach, Miami-Dade and Broward Counties. The Southeast Florida travel survey consists of 33,082 trips undertaken by 4,603 households comprised of 8,873 individuals. For the purpose of our analysis, trips originating and destined for Fort Lauderdale (Broward County) and Miami (Miami-Dade County) alone were extracted from the complete travel survey dataset, which provided 9,402 trips for the Fort Lauderdale area and 9,334 trips for the Miami area.
The data for the Twin Cities are obtained from the Travel Behavior Inventory (TBI), a similar comprehensive one-day travel survey conducted in the Twin Cities area by the Metropolitan Council and the Minnesota Department of Transportation (Mn/DOT). The Twin Cities TBI consists of 58,345 trips undertaken by 6,219 households comprised of 14,671 individuals. The data was extracted to include only those trips that originated and were destined for the Twin Cities metropolitan area. The Twin Cities metropolitan area is defined here as the seven counties of Anoka, Carver, Dakota, Hennepin, Ramsey, Scott and Washington. The extracted dataset consists of 38,432 trips within the Twin Cities metropolitan area.
The survey data for Florida and the Twin Cities were downloaded from the Metropolitan Travel Survey Archive (MTSA), maintained at the University of Minnesota 2 .
Street Networks
The street network data for the study areas (Twin Cities, South Florida) were extracted from the 2000 Census TIGER/Line files 3 . The Topologically Integrated Geographic Encoding and Referencing (TIGER) files, developed and maintained by the U.S Census Bureau, provide information on various features such as roads, railroads, rivers, as wells as legal and statistical geographic areas (U.S. Census Bureau, 2006) . The extracted networks for the two study areas were cleaned to include just the road features based on the Feature Class Codes (FCC) for the line segments provided in the Census TIGER/Line files.
Census Data
The census data for the year 2000 was obtained from the U.S Census Bureau for the two study areas considered in the analysis. The census variables were used as control variables in our analysis.
Figures 2 and 3 provide a snapshot of the Twin Cities and South Florida study areas.
Model Formulation
This research tests the relationship between measures of street network structure and household activity spaces.
A simple representation of the proposed model is provided below:
where:
A a = Area (km 2 ) of the household activity space N = measures of street network structure S = household socio-demographic characteristics (e.g. household size, residence type) C = Census demographics Various formulations of the base model provided above were tested to identify the actual functional form of the final model. The actual model and the results are presented later in the paper. The next section details the steps in obtaining the above variables.
Identification of household activity space
The household activity space used in our analysis was obtained using the observed travel survey data. As mentioned above, the travel survey data provides information on all trips undertaken by the individual on the travel day. The individual level trip data was aggregated to the household level for the purpose of our analysis. For each household in the travel survey, the household location and the destinations reached by all household members on the travel day were identified. These were then mapped in a Geographic Information System (GIS) using geocoded X and Y coordinates, where ESRI's ArcGIS 9.3 was used. A GIS application was used to link the origin and all destinations creating the household activity space polygon. This process was implemented on the travel survey data for both study areas.
Since the focus of this research is on the quantification of street networks, only those destinations that were reached using the automobile mode (drive alone, carpool) were considered in our analysis. Destinations reached by household members using non-auto modes were not considered in the identification of the household activity spaces in both study areas.
A minimum of three points (an origin and two destinations) were needed to generate the activity space for each household. Hence households with no trips on the travel day and households with just one destination on the travel day were removed from our analysis. The final dataset consisted of 1,021 households in Florida and 2,740 households in the Twin Cities. The area (in km 2 ) was estimated for each identified activity space polygon in the two study areas. 
Estimation of Network Measures
The next step in the analysis was to estimate measures of street network structure within the identified activity space polygon for each household. The measures used to quantify network structure within each household activity space polygon are broadly categorized into four main categories: hierarchy, topology, morphology, and scale. Hierarchy measures the differentiation that exist in the street network. Topology captures the connectivity and the connection patterns that exist in street network. Morphology describes the regularity of street networks, their shape and fragmentation. Scale captures the amount of network in a particular area. This section elaborates on the estimation of these network measures.
Hierarchy
• Percentage of limited access roads: This measure is estimated for each household activity space polygon and captures the presence of important links such as interstate highways within the polygon. Within each polygon, this measure is estimated as:
Percentage of limited access roads = l la l sa
where, l la = Total length of the limited access roads within the activity space polygon, l sa = Total length of the street network within the activity space polygon. The limited access roadways in the street network were identified based on the FCC codes provided in the Census TIGER/line files. These roads are designed for higher speeds and hence facilitate longer travel.
Topology
• Arterial Treeness: This measure is based on the two basic structures of a planar transportation network: circuit and tree (Haggett and Chorley, 1969) . A circuit is defined as a closed path, with no less than three links, that begins and ends at the same node. A tree is defined as a set of connected lines that do not form a complete circuit. A regional network distinguished by closed circuits is therefore called a circuit network while a network defined by a tree shaped structure is called a branching network. Refer to Xie and Levinson (2007) for a complete description of this measure. Figure 5 illustrates the differences between a circuit and tree using sample networks. Open source software 4 , 5 was used to classify each segment in the street network as belonging to a branch network or a circuit network.
The treeness for each street network was then estimated as:
where: l ta = Length of street segments belonging to a branch network within the activity space polygon, l sa = Total length of the street network within the polygon The treeness measure is designed to capture the differences in topology and connection patterns that exist in a real-world street network. For the purposes of our analysis, the treeness was estimated for only a subnetwork consisting of arterials and interstates in both the study areas.
CIRCUIT NETWORK TREE NETWORK
Figure 5: Sample circuit and tree networks
• Percentage of nodal degree: This measure is designed to capture the differences in nodal degree within the activity space polygon. Nodal degree is defined as the number of roadway links connected to the node. Each node in the street network therefore represents an intersection or junction of roadway links. For example, a nodal degree of 4 represents a typical four way intersection with four roadway links connected to the node. The street network obtained from the Census TIGER/line files were cleaned to ensure that the network contained only intersection or junction nodes. Shape nodes included in the TIGER/line files to ensure spatial correctness were removed as they do not represent actual intersection or junctions. Within each activity space polygon, this measure is estimated as:
where, n i = Number of nodes with i-degrees within the activity space polygon, N a = Total number of intersection nodes within the activity space polygon, i = 1, 2, . . . The number of nodes with 4 or more roadway connected links were all grouped into one category based on the frequency distribution of the nodal degrees in both study areas.
Morphology
• Shapefactor: Shape measures are commonly based on the relative amount of shape perimeter per unit area or often standardized to a simple Euclidean shape, such as circle or square (de Smith et al., 2007) . In network analysis, these measures can be seen as morphological measures that capture the general impedance of the street network. In this work the shape factor is computed as a perimeter to area (P2A) ratio, as explained below:
where: P p = Perimeter of the polygon enclosed by the street network, in km A p = Area of the polygon enclosed by the street network, in km 2 . The shapefactor value is more practical than the simple perimeter/area ratio, because it does not change with size of the figure. That is, the P2A ratio gives the same value for a shape independent of its size. A higher P2A indicates a longer perimeter relative to area and therefore more complex and elongated shape. For shapes which have a clear longest internal axis (e.g., an ellipse or rectangle) and high P2A compared to circles or squares, the additional distance needed to circumnavigate such shape depends on the relative orientation of that shape with regard to the direction of travel. If the navigator travels in a direction that is approximately normal to the longest internal axis, the impedance caused by this object will be larger than for an object with the same area but a smaller shape factor. If, however, the direction of travel is generally in line with the longest internal axis, the impedance caused by this object will be smaller compared to a object with a smaller shape factor and the same size. Despite this, the impedance averaged over the range of possible angles between travel direction and longest internal axis directions (i.e., 0-90 degrees) increases with an increasing P2A value. That is, for shapes that share a given area, a larger P2A means longer detour on average. For our current analysis, the estimated shapefactor of the polygons that fall within each household activity space polygon is averaged. This provides the shapefactor for each household activity space polygon in our datasets.
Scale • Street density:
This measure is designed to capture the intensity in the street network within the activity space polygon. This measure is estimated as,
where, l sa = Total length of the street network within the activity space polygon, in km, A a = Area of the activity space polygon, in km 2 .
The measures of network structure presented here were selected based on their performance in the models presented later in the paper. Other measures of network structure were also developed corresponding to the broad categories of hierarchy, topology, morphology and scale. These measures are not presented here due to their insignificance in the models or due to the correlation with other variables. For example, the intersection density within the activity space (number of intersections / area of the activity space) was estimated as a topology measure to capture connectivity and disturbance in the street network. This variable was dropped from the models due to its correlation with the street density variable.
The estimated measures have to capture different aspects of the network to be effective. A correlation matrix of the above estimated network measures is provided in Tables 1 and 2 . The correlation is tested to ensure that the measures capture different aspects of structure and are not measuring the same aspect of network structure. The lack of high correlation between any of the estimated measures of network structure in Tables 1 and 2 confirms the same. 
Control Variables
Distance measure:
A distance measure was introduced to account for the accessibility and relative location of households with respect to the downtown or city center in both study areas. The downtown district in each study area was identified using google maps 6 and a working knowledge of the area. The transportation analysis zones (TAZ) corresponding to the downtowns in both study areas were identified using a GIS.
The Euclidean or straight line distance from the household location to the respective downtowns was then estimated using the X, Y coordinates of the household and the X, Y coordinates of the TAZ centroid. The following distances were obtained:
• Twin Cities Distance to downtown Minneapolis Distance to downtown St. Paul
• Florida Distance to downtown Fort Lauderdale Distance to downtown Miami
Hypotheses
The model identified above is operationalized with a set of specific hypotheses.
An increase in the percentage of limited access highways will increase activity space. Aspects of network structure that increase network speed will increase the activity space due to the increase in ability to cover larger distances.
An increase in the percentage of lower degree nodes (1,3) compared to the typical 4-degree nodes will reduce activity space. Aspects of the network that increase network complexity or decrease network efficiency will decrease activity space.
An increase in street density will decrease the activity space. Aspects of network structure which decrease network speed also reduce actual trip length and hence the associated activity space An increase in the shapefactor and treeness will decrease the activity space. Aspects of network structure which increase network travel distance between fixed origins and destinations (operationalized as shapefactor and treeness) will reduce actual travel distance undertaken by travelers at those origins. Travelers will respond to higher point-to-point travel times by reducing trip length (changing the point of destination vis-a-vis the point of origin).
Analysis
The relationship between network structure and household spatial patterns is analyzed in this research using travel survey data from Twin Cities and Florida. The use of two study areas is to allow comparisons in the influence of network measures across regions. Separate regression models are developed for the two study areas. As mentioned previously, the household spatial patterns are measured by the identified activity spaces. The measures of network structure within the identified activity spaces are then estimated.
The models for the two study areas predict the area of the activity space as a function of independent network and control variables. Alternate formulations of the proposed models -including different combinations of independent network variables, different functional forms (e.g. linear, log-log, translog), were tested. The final model uses the natural log of the dependent variable, i.e., the area of the activity space. The independent variables remain in their linear form. The results of the regression models (robust standard errors) are presented in Table 3 .
The model results corroborate the hypothesis that measures of network structure influence the household spatial patterns, as measured by the activity space, after accounting for the non-network control variables. The measures of shapefactor and street density have the expected significant negative influence on the activity space in both study areas. The percentage of limited access highways has a significant positive coefficient in both the models as expected. The measure of arterial network treeness has a negative coefficient but is statistically significant only in the Twin Cities model.
The percentage of 1-degree nodes show differences in its influence across the two models. The Twin Cities model shows a significant negative influence on the activity space while the Florida model shows a highly positive influence. The percentage of 3-degree nodes is positive and significant in both models. The positive coefficient for the nodal degree variables could mean that these measures do not necessarily increase network complexity or inefficiency, as we hypothesized. Further research is needed to understand the actual aspects of network structure that are captured by these measures and the reasons for the differences in influence across the two study areas.
The distance measures in both models have a positive significant coefficient, except for the distance to downtown Fort Lauderdale, which is insignificant. The distance measure can be considered to be a measure of accessibility for the households. Households located away from downtown have lesser accessibility or access to opportunities. This results in a larger activity space as travelers need to travel longer to reach the desired opportunities.
Other independent variables in the model perform as expected. The use of two study areas in the analysis was to identify any differences in the influence of roadway network measures on spatial patterns. The model results show similarity in the influence of network measures across the two study areas. However the magnitude of influence varies across the two regions. The key differences between the models arise in the nodal degree variables. The household level socio-demographic variables perform as expected. The number of workers in the household increases the household activity space which is expected due to households deciding their residential location balancing the travel requirements of multiple workers, compared to single-worker households. The income variables show that medium and high income households have a larger activity space compared to low income households, which corroborates the existing literature on travel behavior.
Discussion
The objective of this research is to understand the relationship between the measures of network structure and the household spatial patterns, using travel survey data from two study areas, namely the Twin Cities and Florida. The measures of network structure were developed to capture the broad aspects of networks such as hierarchy, topology, morphology and scale. The focus of this research was on developing measures that provide a quantitative value for the structure of the underlying street network. The analysis was restricted to the automobile trips in the two areas.
The final model predicting the size of the activity space shows the influence of network measures, after accounting for non-network based measures. The quantification of the network and the use of these measures in explaining travel patterns differentiates this research from the other research in this area. Whereas some of the analyzed network variables have so far been used in the context of urban form, network connectivity and micro neighborhood design, the analysis in this paper goes a step further and looks at how network structure impacts travel decisions.
The model elasticities can be read directly from Table 3 and illustrate the actual influence of network variables. For example, a unit increase in the shapefactor of the network within the activity space decreases the household activity space by approximately 17% to 20% in both the study areas. An unit increase in street density decreases the activity space in the Twin Cities by 19.4% and 4.3% in Florida. The difference in the influence of variables such as street density highlights the importance of separating out the two study areas. Additional comparisons across other areas could provide a more solid picture of the relationship between transportation network structure and activity space.
The elasticity estimates and the models presented here are not meant to ignore the role of the traditional measures of urban form and the built environment. Rather the argument here is that the transportation network plays an important role. While plan- ners focus on ways to reduce or alter travel in a region, it is essential they consider the structure of the transportation network. Network design is one of the slowest changing aspects of urban form, which makes it all the more essential to really understand its effects on travel. Various land use and urban form strategies can be used to bring activities closer and reduce travel. But individuals travel along a network and the travel decisions they make is also affected by how the network is designed. We argue that designing a network such that it influences a traveler's perception of distance and time can bring about significant changes, considering all other land use and urban form variables to be equal. Our elasticity estimates need to be taken in the whole context of urban form and travel, rather than as a separate piece. The measures presented here consider certain aspects of network structure. The list is by no means meant to be exhaustive. Future extensions include looking at other measures that could capture other aspects of the network. The analysis in this paper focuses on automobile trips and street networks alone. Transportation networks are multi-modal and the household spatial patterns needs to account for modes other than the automobile. For example, the Twin Cities TBI shows a 5.2% modal share for the walk mode, among all the trips in the travel survey. Even though the walk modal share drops to 1.9% if we consider only home to work trips, the percentages highlight the importance of considering other travel modes in the analysis of household spatial patterns. Even if it could be argued that the walk, transit and bike modes use the street network, the aspects of network structure that affect non-auto travel differ. For example, a traveler considering the walk mode will consider aspects such as safety, connectivity, continuity in his decision making process. These aspects have been analyzed in urban planning (Derrible and Kennedy, 2009; Dill, 2004 ) but need to modified to suit our current analyses.
The analysis conducted in this paper supplements previous efforts to understand the influence of network structure on travel decisions at a micro-level, using household travel survey data from two urban areas in Florida (Parthasarathi et al., 2009 ). Ongoing efforts include a macro-level network analysis across metropolitan areas relating network structure and travel. The use of different data sources and in-depth analyses at different level will help develop network design guidelines that can be used to address current transportation problems. We hope that the research in this area will provide an additional toolkit to planners and cities looking into altering the travel in a region.
